I. INTRODUCTION
The organic light emitting diodes has drawn enormous interest as the next-generation flat panel display because it has many advantages, such as a simple fabrication process, a quick switching speed, a wide view angle, and low cost production compared to the conventional LCD. 1 The interface between the organic layer and the electrodes plays an important role in the organic light-emitting diode (OLED) performance because it determines the efficiency of the charge carrier injection from the electrode into the emitting layer. In order to improve the interface characteristics, the insertion of a buffer/injection layer between anode and hole transport layer (HTL) is one of the simple and effective methods to improve the device performances. An organic buffer layer, such as copper phthalocyanine (CuPc), 2 starburst amines (m-MTDATA), 3 poly (3,4-ethylene dioxythiophene) (PEDOT), 4 CHF 3 , 5 or self-assembled mono-layers (SAMs), 6 normally brings an energy-band alignment between the HTL and the anode, which lowers the energy barrier, reduces the turn-on voltage and increases the OLEDs lifetime. Inorganic insulator buffer layers, such as LiF, [7] [8] [9] MoO 3 , 13 and WO 2.5 , 14 were also reported in literature, some of which showed higher current efficiency 9, 11, 12 and others showed higher power efficiency. 10, 13, 15 To the best of our knowledge, there are not any of the both current and power efficiency improvement reported in literature.
As for the mechanism of efficiency improvement due to the buffer layer, quantum tunneling is the widely accepted explaination, 16 except for a few disagreements. 15, 17 Zhang et al. 18 calculated the current density-voltage (I-V) characteristics of OLEDs having a uniform insulting buffer layer, based on the Wentzel-Kramers-Brillouin (WKB) approximation of quantum tunneling model. The calculation was in good agreement with experimental results. However, when looking into the details of the quantum tunneling mechanism, it is still controversial whether the quantum tunneling is helping the hole injection or blocking it. For instance, Lu and Yokoyama 19 and Sohn et al. 12 reported hole block effect due to the insertion of Ta 2 O 5 , H f C x , and H f O 2 buffer layers, based on the reduction of current density and luminescence with the increase of buffer layer thickness, whereas other reports showed apparent enhancement of hole injection with insertion of various buffer layers such as H f O x , 12 SiO 2 , 11 LiF, 9 MoO 3 , 13 WO 2.5 , 14 etc. It seems that the quantum tunneling is related to the hole injection process when there is an insulating buffer layer. However, the exact mechanism is still unclear. The discrepancies appeared in the previous reports were probably due to the property of the insulating buffer layer itself. On the other hand, quantum tunneling model is based on the assumption that the buffer layer is a continuous and uniform thin film, 20, 21 whereas the morphology of ultra-thin film (<5 nm) in most of the reports was in fact filled with defects, even a)
Author to whom correspondence should be addressed. island-like, when it was deposited by thermal vapor deposition, electron beam evaporation, or magnetron sputtering, etc. 11, 12, 14 Such island-like buffer layer is not strictly in consistent with quantum tunneling model.
In this study, we used atomic layer deposition (ALD) to fabricate highly uniform and ultra-thin Al 2 O 3 insulator buffer layer for OLED anode modification 22 and improvements on both current and power efficiency have been demonstrated. A series of Al 2 O 3 films of different thicknesses were deposited on ITO anode and characterized. Their roughness, sheet resistance, surface potential, and resulted OLEDs current density were investigated by atomic force microscopes (AFM), Kelvin probe force microscopes (KFM), four-probe resistivity measurement, and luminancecurrent density-voltage (L-I-V) measurement. The mechanism on the enhanced efficiency by introducing the Al 2 O 3 buffer layer is also proposed.
II. EXPERIMENTAL SECTION
The device configuration is shown in ITO glass was thoroughly cleaned in ultrasonic baths of acetone, isopropanol, and deionized water for 15 min, respectively. After sonication, the ITO glass was blown dried with filtered nitrogen. Thin layer of Al 2 O 3 was then deposited onto the ITO glass with an ALD (Cambridge Nanotech's Savannah S100 system) equipment using Trimethylaluminum (TMA) as the metal source and deionized water (H 2 O) as the oxidant. The deposition pressure was maintained at 600 mTorr. The TMA pulsing pressure is set at 15% of the process pressure and the H 2 O pulsing pressure is at 30% of the process pressure. N 2 was used both as the precursor carrying and purging gas. Each deposition cycle was started with introducing a mixture of TMA and N 2 carrier gas into the vacuum chamber for 0.015 s. The chamber was then purged by blowing N 2 (20 sccm) for 20 s. For the formation of the Al 2 O 3 layer, H 2 O was flowed for 0.015 s at chamber temperature of 150 C, and the resulting by-products or remnant gases were completely removed by the subsequent purging step using an N 2 gas for 20 s. The typical deposition rate was 0.1 nm for one cycle. The ITO substrates were treated in ALD system with various cycles (2 to 30 cycles) depending on the required thicknesses. All the substrates were prepared in a clean room.
After surface modification, the substrates were treated by ultraviolet (UV) ozone for 15 min in a UV-ozone chamber. A multilayer structure of ITO/Al 2 O 3 (0-1.8 nm)/NPB (60 nm)/ Alq 3 (60 nm)/LiF (1 nm)/Al was employed. OLED devices were fabricated by sequentially depositing organic layers using thermal evaporation in one run under high vacuum ($4.5 Â 10 À4 Pa) onto an ITO glass substrate. The active device area was 3 Â 3 mm 2 . The thickness of the deposited layer and the evaporation speed of the individual materials were monitored with quartz crystal microbalance monitors. Typically, the organic and LiF films were deposited at a rate of 0.1 nm/s and 0.01 nm/s, respectively. The samples were finished by the evaporation of 200 nm Al with a deposition rate of 3 nm/s. All electrical testing and optical measurements were performed under ambient conditions without further encapsulation. The electroluminescence (EL) spectra were measured with a Spectra Scan PR655. The current-voltage (I-V) and luminance-voltage (L-V) relations were characterized with a computer controlled Keithley 2400 Sourcemeter.
The surface morphology and roughness were measured by Vecco Dimension 3100 AFM, and surface potential were measured by its Kelvin probe force microscopy mode 23 with highly oriented pyrolytic graphite as the work function standard in air. 24 The sheet resistance of anode were measured using Keithley 4200 with four-probe resistivity measurements. Fig. 2 shows the three dimensional AFM scanned surface of Si wafer with varied thicknesses of Al 2 O 3 . The samples were measured in the tapping mode with a scan size of 1 lm Â 1 lm. Fig. 2(a) is corresponded to the Si surface without the Al 2 O 3 layer, which is rougher compared with the other Al 2 O 3 modified Si surface. As the thickness of the Al 2 O 3 film increases, the surface becomes more and more smooth and uniform, indicating that the Al 2 O 3 layer can improve the morphology of Si. As the Al 2 O 3 modified Si surface goes smoother, the better interface between the anode and the organic layer next to it could be expected. Fig. 3 presents the cross-sectional curves of the AFM images. As shown in Fig. 3 
III. RESULTS AND DISCUSSION

buffer).
In order to find the effects of the Al 2 O 3 buffer layer during the surface reaction process, we present the characteristics of current efficiency versus voltage for the OLEDs with enhancement in power efficiency compared with the device without Al 2 O 3 buffer layer. Fig. 6 shows the current density and luminescence of the OLEDs versus voltage employed the Al 2 O 3 buffer layer with a different thicknesses. As shown in Fig. 6 , both the current density and luminance monotonic decreases at the same voltage as the Al 2 O 3 buffer layer getting thicker. As shown in Table I , the driving voltages at the luminance of 300 cd/m 2 are 7.2, 7.5, 7.6, 7.7, 8.1, and 9.0 V, respectively (corresponding to buffer layers thickness of 0, 0.4, 0.8, 1.0, 1.4, and 1.8 nm). Similar phenomena is also reported by Sohn et al., 12 Lu and Yokoyama, 19 and Ling and Chen. 25 Generally, the hole mobility of hole transport materials are about two or three orders magnitude higher than the electron mobility of electron transport materials. 26, 27 Less number of hole injection in OLEDs could be expected due to the lower current density, which results in more balanced holes and electrons in the emitting layer.
To further investigate the influence of the Al 2 O 3 insulator film on the ITO substrate, the surface potentials of ITO and Al 2 O 3 modified substrate were measured by KFM. Fig. 7 shows the anode surface potential of the Al 2 O 3 modified ITO with a varied thicknesses from 0 to 3.0 nm. The surface potential exhibits a decreasing trend as the buffer layer grows thicker, and it eventually remains stable at about 4.36 eV when the thickness is beyond 2.0 nm. Low anode surface potential means high barrier for hole injection. Therefore, holes would need more energy to overcome the barrier to inject into the organic layer according to the classical Richardson-Schottky (thermionic emission) mechanism, 28 which would normally result in higher threshold voltage, lower current density and lower power efficiency. However, the power efficiency in our experiment is actually enhanced with the buffer layer at the thicknesses of 1.0 and 1.4 nm. Similar results were also reported by Lu and Yokoyama, 19 Zhang, 18 Kim, 10 and Sohn et al., 29 which implies another mechanism in addition to the simple thermionic emission. It is the quantum tunneling effect that contributes to the enhancement of power efficiency.
A new model for the hole injection mechanism is proposed, which combines the thermionic emission and quantum tunneling effect (Fig. 8) . In classical RichardsonSchottky mechanism, holes have to overcome the barrier to inject into HTL. 30, 31 The energy barrier is the difference With the thermionic emission of hole injection getting more and more difficult, quantum tunneling comes to action, resulting in holes from ITO directly tunneling through Al 2 O 3 insulator film to NPB. Therefore, the hole injection is the combinations of two parts, one is by thermionic emission (n 1 ) and the other is by quantum tunneling (n 2 ). On the one hand, the thermionic emission of hole injection decreases as the thickness of Al 2 O 3 buffer layer increases due to the reduced surface potential as shown in Fig. 7 . On the other hand, the quantum tunneling of hole injection increases as the Al 2 O 3 buffer layer increase to 1.4 nm. It is obvious that the decreasing rate of n 1 is greater than the increasing rate of n 2 . The overall current density which is the sum of n 1 and n 2 is monotonic decreasing as shown in Fig. 6 , whereas the current efficiency gets the highest improvement at the optimal thickness (1.4 nm) of Al 2 O 3 buffer layer where the hole and electron injection reach the balance point.
As for the improvement of power efficiency, it is related to the energy consumption of holes injection. In the quantum tunneling process, the holes only need to overcome the barrier d 2 . As the d 2 is reduced with the increase of buffer layer thickness, as illustrated in Figs. 8(b)-8(d) , less energy is consumed at the anode/HTL interface for quantum tunneling as compare to the thermionic emission (usually present as heat). The competing effects get an optimal balance at the thickness 1.4 nm of Al 2 O 3 buffer layer, which exhibits the highest improvement of power efficiency. Such process also helps to explain the improved efficiency roll-off when the Al 2 O 3 buffer layer is used.
IV. CONCLUSIONS
Thin insulator Al 2 O 3 film deposited by ALD has been employed as a buffer layer on OLED anode. The current efficiency and power efficiency of the device with an optimal thickness of 1.4 nm high-quality Al 2 O 3 buffer layer were simultaneously increased by 12.5% and of 23.4%, respectively, which was first reported in literature. In order to explain the mechanism of the improvements a model is proposed, which suggests that both thermionic emission and quantum tunneling effect contribute to the hole injection process when the ITO anode is modified by ultra-thin Al 2 O 3 . The improved current efficiency is attributed to a balanced contribution of thermionic emission and quantum tunneling carrier injection in the presence of an optimal thickness of Al 2 O 3 buffer layer, which was proved by I-V and surface potential measurements. The improved power efficiency can be explained by the balance of energy consumption in the thermionic emission and quantum tunneling of hole injection process.
